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ABST RACT : The rheological properties of a dispersion of cellulose nanocry stals (CNC) in an aqueous sol u-
tion of poly oxy ethy lene (PEO) have been investigated. A peculiar behavior is reported. Upon adding CNC, 
the v iscosity  of the suspension first decreases and then increases. Adsorption of PEO chains on the surface of 
the nanoparticles has been suspected. Freeze-dry ing of this PEO-adsorbed CNC dispersion was performed 
and the ensuing ly ophilisate was extruded with low density  poly ethy lene. Compared to neat CNC -based 
nanocomposites, both improved dispersibility  and thermal stability  were observed. This simple and phy s i-
cal method constitutes an approach of choice for the melt processing of CNC-based nanocomposites with a 
hy drophobic poly meric matrix  applicable at industrial scale.   
Impressive mechanical properties and reinforcing 
capability , abundance, low weight, renewability  
and biodegradability  make cellulose nanocry stals 
(CNC) ideal candidates for the processing of poly -
mer nanocomposites.1-4 With a Y oung’s modulus of 
over 100 GPa and a surface area of several hundred 
m2.g-1,5 they  have the potential to significantly  rein-
force poly mers at low filler loadings. A broad range 
of potential applications of nanocellulose exists 
even if a high number of unknown remains at date. 
Many  scientific publications and experts show its 
potential even if most of the studies focus on their 
mechanical properties as reinforcing phase and 
their liquid cry stal self-ordering properties. How-
ever, as for any  nanoparticle, the main challenge is 
related to their homogeneous dispersion within a 
poly meric matrix . 
CNC are obtained as aqueous suspensions and most 
investigations focused on hy drosoluble (or at least 
hy drodispersible) or latex -form poly mers.1,3,4 They  
can be dispersed in non-aqueous media using sur-
factants or surface chemical grafting involv ing the 
high density  of surface hy droxy l groups broadening 
the range of applicable poly meric matrices. How-
ever, dispersion in some non-aqueous solvent is 
possible by  a variety  of methods (direct dispersion 
in DMF, low dispersibility  in DCM or template ap-
proach).  6-9 
However, facilities for industrial-scale CNC produc-
tion exist and the recent announcement of their 
large scale production requires the use of more in-
dustrial processing techniques. Melt-compounding 
such as extrusion, commonly  used to process 
thermoplastic poly mers, is infrequently  employ ed 
for the preparation of CNC reinforced poly mer 
nanocomposites because of inherent incompat ibil-
ity  and thermal stability  issues. Indeed, the hy dr o-
philic nature of poly saccharides causes irreversible 
agglomeration upon dry ing and aggregation in non-
polar matrices because of the formation of addi-
tional hy drogen bonds between the nanoparticles. 
Moreover, sulfuric acid-prepared CNC present low 
thermal stability  when heated at moderated te m-
peratures, which prevent their processing with 
methods involv ing heat.10 This is ascribed to the 
dehy dration reaction resulting from the presence of 
sulfate groups with negative charge on the surface 
of CNC. All of these issues limit the processing of 
CNC-based nanocomposites to wet processing 
methods such as solution casting, which was exten-
sively  studied. 
Functionalization of the surface of the nanopart i-
cles is most of the time a necessary  step to avoid 
irreversible agglomeration during dry ing and ag-
gregation in non-polar matrices.11-13 However, this 
strategy is hardly compatible with an industrial application 
of these renewable nanoparticles. Therefore, the next 
challenge is to be able to prepare poly mer nano-
composites using industrial processing techniques, 
thus avoiding the solvent methods and surface 
chemical modification of the nano particles. An at-
tempt to use PVA as compatibilizer to promote the 
 
dispersion of CNC within the PLA matrix  was re-
ported.14 Two feeding methods of PVA and CNC 
were used, dry -mixing with PLA prior extrusion or 
pumping as suspension directly  into the extruder. 
However, due to immisc ibility  of the poly mers, 
phase separation occurred. The CNC were primarily  
located in the discontinuous PVA phase and only  a 
negligible amount was located in the continuous 
PLA phase, leading to poor performance of the 
nanocomposites. Melt processing (extrusion and 
injection molding) of CNC reinforced PHBV was also 
attempted.15 Despite using low molecular weight 
poly ethy lene gly col (PEG) as a compatibilizer, the 
nanoparticle agglomerates formed during freeze 
could not be broken and well dispersed by  the ex-
trusion process. PEG is miscible with PHBV and a 
lack of strong interaction between PEG and CNC was 
suspected. Therefore, during high shear twin-screw 
compounding PEG could be removed from nano-
particle surface and blended with the PHBV matrix . 
Without the shielding of the PEG coating, the nano-
cry stals could not be well dispersed as ev idenced 
from microscopic observations.  
In the present paper, we present an easy  way  to 
melt process nanocomposite materials from an 
apolar poly meric matrix  (we choose low density  
poly ethy lene) and CNC using high molecular weigh 
poly oxy ethy lene (PEO). 
Figure 1A shows the evolution of both G' and G" 
moduli obtained within the linear regime, as a func-
tion of the angular frequency  for the neat PEO solu-
tion and PEO/CNC suspensions with 3, 6 and 9 wt% 
cotton nanocry stals. It is worth noting that, as de-
tailed in the Experimental Section, the PEO content 
was fixed at 1  wt% on the water basis for all solu-
tions/suspensions and that the CNC content was 
expressed on the basis of the PEO content. Focusing 
first on the v iscoelastic behavior of the PEO solu-
tion it is clear from Figure 1A that it is ty pical of 
melt poly mers with the onset of a terminal zone at 
low frequency  and the beginning of a rubbery  plat-
eau at high frequency . It is separated by  a G'-G" 
cross over at intermediate frequency , indicating 
the transition from a v iscous predominant behavior  
to an elastic predominant one. Figure 1B shows a 
zoom on the experimental values surrounding the 
cross over zone. 
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Figure 1. (A) Evolution of the storage (filled sy m-
bols) and loss (open sy mbols) shear moduli within 
the linear regime for the 1wt% PEO (Mw = 5106 
g.mol-1) solution containing various amounts of CNC 
(on the PEO basis) as a function of the frequency : 0 
wt% (,), 3 wt% (,Δ), 6 wt% (■,□) and 9 wt% 
(,). (B) Zoom on the experimental values sur-
rounding the cross over zone. 
Considering now the v iscoelastic response of the 
PEO/CNC suspensions, the main remark is related 
to the evolution of the frequency  correspo nding to 
the G'-G"’ cross-over. Except for the PEO solution 
filled with 6 wt% CNC for which the cross over is out 
of the experimental range, it is clear that it decreas-
es with CNC content, indicating a molecular dy nam-
ic that is slowed down for higher CNC c oncentra-
tions. This is in coherence with what is generally  
observed for encumbered sy stems, and may  be as-
sociated here to the presence of CNC in the solu-
tion. Moreover, a peculiar behavior is observed in 
Figure 1 . A continuous decrease of both G' and G" is  
observed when increasing the CNC content up to 6 
wt%, and then an increase is reported for the 9 wt% 
suspension compared to the 6 wt% suspension. This 
peculiar behavior will be explained in the light of 
steady  shear measurements. 
In Figure 2A, the steady  shear behavior for the neat 
1  wt% PEO solution and with increasing CNC content  
up to 9 wt% is represented through the variation of 
the v iscosity  as a function of the shear rate. It 
shows that all solutions/suspensions exhibit a low-
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shear Newtonian v iscosity , followed by  a shear 
thinning behavior. Figure 2B shows the same data 
for the neat 1  wt% PEO solution and solutions co n-
taining 3 and 9 wt% cotton nanocry stals as well as 
variation of the complex v iscosity  *() calculated 
from G' and G" measurements. It is clear that it su-
perimposes quite well with the steady  shear v iscosi-
ty  thus indicating that the Cox-Merz rule16 is satis-
fied for those materials. As for the steady  shear be-
havior (Figure 2A), an unexpected behavior is ob-
served infirming the mechanical strengthen in-
duced by  the nanocry stals. Indeed, it is observed 
that the shear v iscosity  first decreases when the 
concentration of nanoparticles increases from 0 to 
6 wt%. As cotton nanocry stal content still increased 
(9 wt%), ty pical suspension behavior is o bserved 
with a v iscosity  increasing as the concentration in-
creases. However, the v iscosity  of the 9 wt% filler 
PEO solution remains lower than that of the unfilled 
solution. This peculiar behavior is summarized in 
Figure 3A which shows the evolution of the  v iscosi-
ty  measured for a shear rate of 0.3 s -1 as a function 
of the cotton nanocry stal content. 
Thus, it clearly  appears that the v iscosity  first de-
creases and this may  be attributed to strong affinity  
between PEO chains and the cellulosic surface 
through interactions between the oxy gen groups of 
PEO and hy droxy l groups of cellulose. These inter-
actions were characterized in a prev ious work using 
heat flow calorimetry .18 The affinity  of water to cel-
lulose surface as a competitive binder was higher, 
but the poly meric nature of PEO and possibility  of 
wrapping have to be considered. Consequently , in-
creasing nanoparticle content leads to an increase 
of the available specific area and less free PEO 
chains are available in the solution. Interactions 
between CNC are hidden and the behavior is close 
to that of water. In the present experimental condi-
tions, it appears that a cotton nanocry stal conce n-
tration around 6 wt% corresponds to a critical co n-
centration, sufficient to adsorb all the PEO chains 
available in the suspension. Obviously , this critical 
concentration should depend on the specific area of 
the nanoparticles, i.e. origin of cellulose, and mo-
lecular weight of PEO. This aspect is currently  un-
der investigation. Above this critical value, the v is-
cosity  increases with filler content and the suspen-
sion display s a ty pical suspension behavior with a 
v iscosity  increasing with the suspension co ncentra-
tion. However, in the range of nanoparticle conce n-
tration investigated the v iscosity  remains lower 
than that of the neat PEO solution and its evolution 
is completely  controlled by  the v iscosity  of the 
nanocry stal suspension in a semi-dilute regime. 
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Figure 2. Steady  shear v iscosity  and complex v is-
cosity  for the 1wt% PEO (Mw = 5106 g.mol-1) solu-
tion containing various amounts of CNC (on the PEO 
basis): (A) Ev olution of the v iscosity  as a function of 
the shear rate, and (B) Evolution of the v iscosity  as 
a function of the shear rate (filled sy mbols) and 
complex v iscosity  as a function of the frequency  
(open sy mbols): 0 wt% (,), 3 wt% (,Δ), 5 wt% 
(), 6 wt% (■,□) and 9 wt% (,) 
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Figure 3. Steady  shear v iscosity  for 1wt% PEO (Mw 
= 5106 g.mol-1) solution as a function of CNC con-
tent. 
The next step was to know if this localization of the 
poly mer could be retained after freeze-dry ing and if 
this wrapping lay er could be used to play  the role of 
a compatibilizer with the poly olefin matrix  through 
the ethy lene moieties of PEO. Saturation of the ce l-
lulosic surface occurs for quite low nanocry stal 
content compared to the amount of PEO (around 6  
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wt%). It is therefore difficult to use such nanopart i-
cles because the amount of PEO introduced in the 
composite would be very  high. We decided to pre-
pare suspensions consisting of 1  wt% PEO and 4 wt% 
cotton whiskers in water. Therefore, the ratio of 
cellulose-to-PEO is 80 wt%. It means that only  part 
of the surface of CNC is covered with adsorbed PEO 
chains. 
CNC have been extruded with LDPE to prepare 
nanocomposite films. Before extrusion the aqueous 
suspension of cotton nanocry stals with or without 
PEO was freeze-dried. When PEO was present in the 
suspension, the freeze-dried material consisted of 
20 wt% PEO and 80 wt% CNC. The ly ophilisates 
were optically  investigated. The freeze-dried mate-
rial obtained from the mixture of cotton nanocry s-
tals and higher molecular weight PEO (5106 g.mol-
1) forms a dense pad, that tears upon stretching 
forming very  stretchable poly mer-like threads. To 
be able to introduce this ly ophilisate into the e x-
truder, it was necessary  to chop it into fine pieces. 
On the contrary , the freeze-dried material obtained 
from the mixture of cotton nanocry stals and lower 
molecular weight PEO (3.5104 g.mol-1) consists of a 
very  fluffy  powder, as for the pure cotton nanocry s-
tal ly ophilisate. This difference of appearance is 
probably  ascribed to the possibility  of entangle-
ments between long enough adsorbed poly meric 
chains. 
Figure 4 shows the appearance of extruded LDPE-
based nanocomposites. The neat LDPE film is obv i-
ously  translucent as any  low thickness poly meric 
film with a relatively  low degree of cry stallinity  in-
duced by  ramifications. When adding 3 wt% CNC, 
the film becomes homogeneously  dark. This dark 
coloration of the film after extrusion is an indic a-
tion of the degradation of the filler, despite the 
quite low extrusion temperature (160°C). Cellulose 
is assumed to degrade at higher temperature, but it 
is well known that sulfate groups resulting from sul-
furic acid hy droly sis treatment decrease the ther-
mal stability  of cellulose because of dehy dration 
reaction.10 When increasing the CNC content, it 
seems that the film is less dark and less homogene-
ous and becomes dotted with black. These dots 
probably  correspond to nanoparticle aggregate as 
expected when try ing to disperse hy drophilic na-
noparticles within a highly  hy drophobic matrix . 
 
Figure 4. Pictures of the extruded films: unfilled 
poly ethy lene (LDPE) matrix , and LDPE reinforced 
with neat CNC and PEO-adsorbed CNC. 
When using PEO adsorbed-CNC, the appearance of 
the film becomes similar to the one of the unfilled 
film, revealing probably  a much more homogene-
ous material. This is a strong indication that the ad-
sorbed poly meric lay er probably  play s the role of 
compatibilizer because of the hy drophobic moie-
ties of the monomer unit of PEO. Moreover, the 
dark color observed for uncompatibilized samples 
disappears. It could be related to the protection of 
sulfate groups induced by  the coating poly meric 
lay er. Most probably , the use of a high molecular 
weight PEO is important to achieve this effect. I n-
deed, prev ious tests have proved unsuccessful be-
cause of the pulling-out of the adsorbed poly mer 
upon extrusion.15 
To access the level of homogeneity  of the samples, 
microscopic observations were carried out on e x-
truded nanocomposites and the thermal stability  of 
the filler was determined from thermogravimetric 
analy sis (TGA). 
Figure 5 shows SEMs of LDPE-based extruded films. 
The freshly  fractured surface of the neat LDPE film 
(Fig. 5A) is smooth and uniform. For nanocompo-
sites (Figures 5B-D), a slightly  rougher aspect is o b-
served. It is probably  due to the brittle fracture un-
der liquid nitrogen. The cellulosic nanoparticles are 
hardly  distinguishable but the presence of nano-
cry stal aggregates (spotted by  arrows) is reported 
for the uncompatibilized sample (Figure 5 B). This 
aggregation phenomenon is not observed for PEO-
compatibilized nanocomposite films. However, the 
latter shows many  air bubbles whose origin is un-
clear. 
LDPE 
3 wt% CNC 
9 wt% CNC 
3 wt% CNC/PEO35,000 
6 wt% CNC/PEO35,000 
6 wt% CNC/PEO5M 
9 wt% CNC/PEO5M 
 
 
 
Figure 5. SEMs of (A) neat LDPE, and LDPE rein-
forced with (B) 9 wt% CNC, (C) 6 wt% PEO-adsorbed 
CNC (3.5104 g.mol-1), and (D) 9 wt% PEO-adsorbed 
CNC (5106 g.mol-1). 
TGA experiments were carried out for freeze-dried 
neat as well as PEO-adsorbed CNC. Results are re-
ported in Figure 6. For neat CNC, an initial weight 
loss is observed upon heating up to 100°C. It corre-
sponds to the removal of moisture in the material. 
At higher temperatures, a gradual weight loss in the 
range 200-400°C is reported. It is well known that 
small amounts of sulfate groups resulting from the 
sulphuric acid hy droly sis process induce a consid-
erable decrease in degradation temperatures.10 A 
complex behavior was reported, in which the lower 
temperature degradation process may  correspond 
to the degradation of more accessible  and therefore 
more highly  sulfated amorphous regions, whereas 
the higher temperature process is related to the 
breakdown of unsulfated cry stal. The char fraction 
was also found to increase upon acid hy droly sis and 
display ed a continuous increase upon prolonged 
hy droly sis times.10 It was ascribed to the higher 
amount of sulfated groups acting as flame retard-
ants. 
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Figure 6. TGA curves of freeze-dried CNC: neat 
CNC (1) and PEO-adsorbed CNC (CNC:PEO 80:20) 
with 3.5104 g.mol-1 (2), and 5106 g.mol-1 (3). 
For PEO-CNC mixtures, the thermal degradation 
behavior is significantly  different. No low tempera-
ture weight loss is observed, probably  because of 
the less hy drophilic nature of the material. More o-
ver, the main degradation process is shifted to-
wards higher temperatures and o ccurs in a narrow-
er temperature range. This effect is enhanced when 
using the higher molecular weight PEO. This is 
probably  ascribed to a protection role of adsorbed 
PEO chains that hidden the surface sulfate groups of 
CNC. It can explain the improved thermal stability  
and lower thermal degradation of LDPE-based 
nanocomposites processed from PEO-adsorbed 
CNC. 
This paper reports preliminary  results showing the 
possibility  to melt process nanocomposites 
consisting of cellulose nanocry stals and a 
hy drophobic poly meric matrix  (low density  
poly ethy lene in this investigation). The simple and 
phy sical method reported in this study  avoids the 
classical solvent methods and surface chemical 
modification of the nanoparticles. It therefore co n-
stitutes an approach applicable at industrial scale. 
The basic idea consists in wrapping the nanoparti-
cles with a poly mer bearing moieties susceptible to 
interact phy sically  with the cellulosic surface and 
with the apolar matrix . These interactions were ev-
idenced from rheological measurements performed 
in aqueous suspensions. It is expected to overcome 
an important challenge aiming in melt processing 
this class of nanocomposites. This strategy  could 
also be applied for example to the extrusion of pol-
y v iny l alcohol using PEO as a buffer against degra-
dation. However, further investigation is nec essary  
to fully  understand the phenomena involved, and 
study  the role of the specific area of the nanopart i-
cles and molecular weight of the compatibilizing 
poly mer. Moreover, the phy sical and mechanical 
characterization of extruded nanocomposite films 
should be performed. These experiments are in 
progress. 
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Experimental Section 
Materials. CNC were prepared from cotton Whatman filter paper. The paper was milled with a laboratory 
milling device to obtain fine particulate substance. The cotton fibers were extracted in a 2 wt% aqueous NaOH 
solution (25 g fibers for 1 L solution) for 12 h at room temperature under mechanical stirring and then filtered 
and rinsed with distilled water. Acid hydrolysis was achieved at 45°C with 65 wt% sulfuric acid (preheated), 
for 45 min under mechanical stirring (25 g fibers for 500 mL solution). The suspension was diluted with ice cu-
bes to stop the reaction and washed until neutrality by successive centrifugations at 10,000 rpm and 4°C for 20 
min each step and dialyzed against distilled water. After dialysis, the dispersion of nanocrystals was completed 
by an ultrasonic treatment using a Branson sonifier, filtered and a few drops of chloroform were added to avoid 
bacterial growth. 
Low density polyethylene (LDPE - Lacqtene 1008 FE 24) with a density of 0.924 g.cm-3 and a melting point of 
112°C was supplied by Atofina S.A.  Polyoxyethylene (PEO) with average molecular weights Mw = 3.510
4 
and 5106 g.mol-1 was purchased from Fluka Chemika and Sigma Aldrich, respectively. Their melting point is 
around 65°C. 
Processing of Nanocomposites. PEO solutions were prepared by adding 1.25% of the polymer in distilled 
water. The solution was protected against light by an aluminum foil and weakly stirred at 500 rpm for 4 days at 
room temperature. This procedure was shown to avoid degradation of the polymer.16 The desired amount of 
cotton nanocrystals aqueous suspension was added to the solution and stirred for 30 min. The proper amount 
of distilled water was then added to reach a final PEO concentration in water of 1 wt% and the suspension was 
stirred for 1h. Rheometrical measurements were performed for these suspensions with different amounts of 
CNC which content was expressed on the basis of the PEO content. 
Cotton nanocrystals reinforced LDPE films were prepared by extrusion. First, the CNC suspension with or 
without PEO was freeze-dried. LDPE and this lyophilisate were introduced in the mixing chamber of a twin-
screw DSM Micro 15 compounder and allowed to melt at 160°C. The mixing speed was 60 rpm for 10 min. 
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Extrusion was carried out with a slit die of 0.6 mm in gap and 1 cm in length. The nanocrystal content ranged 
between 0 and 9 wt% (expressed on the basis of the LDPE + PEO content). 
Experimental Methods. 
Rheometry Measurements. The rheometrical measurements were performed using a rotational rheometer, 
the MCR, from Anton Paar. The cone and plate geometry, with a 50 mm diameter plate and an angle of 1°, 
was used. This geometry was chosen to allow obtaining accurate data for the low viscosities samples consid-
ered in this study. To prevent solvent evaporation during measurements, geometries were enclosed in a solvent 
trap which saturates the atmosphere. The lower plan was equipped with a Peltier thermoelectric device that in-
sures a controlled temperature, fixed at 20°C  0.1°C for this study. Two kinds of rheometrical tests were per-
formed. 
First, steady shear measurements consisted in applying a rising shear rate ramp, between 0.1s-1.and 30 s-1. For 
a given shear rate,  , the transient shear viscosity versus time was measured and the steady-state viscosity val-
ues )(   were determined as the limit, on long time scales, of the transient viscosity. The aim of these measure-
ments was to determine the optimal conditions in terms of temperature and shear to process the nanocompo-
sites. 
Second, tests consisted in dynamic measurements using small amplitude oscillatory shear deformations. Firstly, 
the linear viscoelastic regime was determined by carrying out a strain sweep at a fixed frequency. The strain 
range varies from 0.1% to 100%. The frequencies used were fixed at 0.1 and 1 Hz. Then, isothermal frequency 
sweeps were carried out within the linear viscoelastic regime and the elastic and viscous modulus, G' and G", 
respectively, were measured as a function of the frequency of the oscillations  The complex viscosity )(*   
was deduced from these measurements. In many cases, this complex viscosity is found to be a good evaluation 
of the shear viscosity )(  . Moreover, for viscoelastic materials, the empirical Cox-Merz rule is found to work 
very well. It allows to link * and according to the following relation: 
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  for)(*)(  
the shear rate being expressed in s-1 and the frequency in rad.s-1. 
For the present study, these frequency sweeps were performed in the range 100-0.01 rad.s-1 starting from the 
highest frequencies. By this way, less time is needed to obtain a higher number of data points and thermo-
mechanical degradation of the fluid is minimized. It’s worth noting that dynamic measurements using small ampli-
tude oscillatory shear deformations are representative of the behavior of the sample at rest and allows for a 
characterization that is smooth regarding the internal structure of the fluid when it exists. 
Microscopic Observations. An environmental scanning electron microscopy (ESEM) on a Quanta 200 FEI 
device (Everhart-Thornley Detector was used to investigate the morphology of the extruded nanocomposite 
films and dispersion of the filler within the matrix. The specimens were frozen under liquid nitrogen before being 
fractured and coated with gold/palladium. SEM observations of the fractured cross-section were obtained using 
10 kV secondary electrons. 
Thermogravimetric Analysis (TGA). TGA (STA 6000, Perkin Elmer Instruments model, USA) was carried 
out to determine the thermal stability of freeze-dried cotton nanocrystals and mixtures of CNC with PEO. 
Measurements were performed under nitrogen flow of 20 mL.min-1. The samples were heated from 30°C to 
600°C with a heating rate of 10°C.min-1. The sample weight was plotted as a function of temperature for all 
samples. 
 
 
